The resulting analyses demonstrate that the magnitudes and distributions of to increase by over 20% to prevent premature foundation failure provided that the 54 track is maintained in good condition, and by significantly more should the track 55 condition be allowed to deteriorate.
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INTRODUCTION

60
The railway track is a structural system built to withstand the combined effects of traffic and 61 the environment for a pre-determined period of time, so that railway vehicle operating and 62 maintenance costs, passenger comfort and safety are kept within acceptable limits and the 63 foundation is adequately protected. Dynamic train loads induced by track irregularities and 64 vehicle characteristics can reduce significantly the life of the components of the structural system.
65
Although a number of international railway infrastructure operators have developed railway 66 track structural design standards they do not adequately take into account the spatial fluctuating 67 nature of dynamic loads [1] . By implication the use of these design standards may lead to the 68 under design of the structural system, premature failure of track components and its foundation, 69 unplanned maintenance, reduced safety and higher train operating costs.
70
To better understand the implications of dynamic loads on the railway system, 71 considerable research has been undertaken to measure dynamic loads in the field and also to The method suggested by Eisenman [2] is based on studies of measured dynamic loads 77 and takes into account vehicle speed and track condition. For speeds of up to 60 km/h,
78
Eisenman found that dynamic loads followed a Gaussian distribution with a mean value which 79 was independent of the operating speed, V, but dependent on track condition, . At 60 km/h and 80 above the dynamic forces were found to be a function of both vehicle speed track condition. dynamic load corresponding to a very low probability of occurrence (they suggest 0.01%)
87
determined from the field data. When the effects of fatigue loading on the foundation are to be 88 calculated, Stewart and O'Rourke suggest that a spectrum of loads should be determined from the 89 distribution of field measured loads. To achieve this, they propose that the frequency distribution 90 of measured loads should be divided into a number of bands of probability of occurrence (e.g. 0 -91 5%, 5 -10% etc.) and that a representative load application for design is determined for each.
92
The studies by Eisenman the deterioration at any point along the track structure depends on the accumulated damage due to 99 each passing wheel load which can vary in magnitude depending on the proximity of a track 100 irregularity. Dynamic loads due to track irregularities are likely to be highest in the vicinity of a 101 particular track irregularity, where they are likely to occur repeatedly leading to increased rates of 102 track deterioration at these locations.
103
Advances in computer modeling capability are enabling accurate and complex numerical 104 models of the railway train-track system to be built. 
THEORETICAL FRAMEWORK
122
The approach proposed consists of the following elements: Noting that the permanent deformation, ρ, can be written as
where T is the thickness of the foundation. 
178
Using Equations 3 to 6, it is possible to estimate the proportion of the total life used at a location k 179 on the railway track due to a single load application as follows:
For shear failure:
182 183
where  psf is the plastic strain at failure .
187
For plastic settlement:
188 189
where  sf , is the amount of plastic deformation at failure.
191
For the application given below, the value of the parameters used in equations 6 and 7 are shown in 192 Table 1 , together with a description of how they were obtained. Table 1 Material properties for modelling purposesThe track 216 structure and vehicle models, the method used to incorporate track quality within the model and 217 the model's validation are briefly described below.
219
Track structure
220
The rails, ties, ballast and embankment were represented using solid eight-node elements with the 221 material properties given in Determined from plastic deformation laboratory tests on material taken from the 100m section of the embankment on the Shuanghuang line used for the case study. Note although the material in layer 1 cannot be considered to be fine-grained, it was found that its permanent deformation characteristics could be modelled using an equation of the form given by *Note that the maximum permitted amplitudes of track quality deviations on main-line heavy haul railway track in many countries is limited to between 6 -10 mm.
Vehicle Model
256
In accordance with analytical railway foundation design convention, the railway freight vehicle where µ is the coefficient of friction between the rail and the wheel.
278
To quantify the effects of fluctuating dynamic wheel loads, the maximum stresses due to the 279 passage of a train were computed at discrete sections along the track sufficiently short in length to 280 enable the peak stresses to be determined. The principle of superposition was used to calculate 281 the effect of a train of wagons. It was found that superimposing the loads in this way increased 282 the stresses by less than 5% compared to calculating the stresses due only to the two coupled 283 wagons.
285
Model validation
286
To provide confidence in the outputs of the developed FEM, computed and field measured and which occurred just before the vibration and acceleration measurements, but after the field tests 293 which were carried out to determine the properties of the materials in the embankment (see Table   294 1). Permanent strain and settlement in the embankment 353 The proportion of the amount of the life used by a single passage of the coupled wagon system in 354 the three layers of the embankment was determined using equations 6 and 7 respectively. In 
296
419
This is equivalent to For the two regimes, the ballast was considered to be clean throughout the analysis. The 425 fractions of the remaining number of cycles to failure of each layer was calculated using Equation
426
6 and are shown in Table 3 normalized by the desired number of loading cycles. Under current 427 operating conditions, Table 3 shows that for all track speeds considered, except for 150km/h,
428
when the track quality is in a poor or fair condition the material in the second layer of the 429 embankment would fail prematurely. From Table 3 it can also be seen that for the proposed suggests that an additional thickness of at least 110mm of the granular layer would be required,
446
provided that the track is maintained in good condition. 
